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bution	 and	 abundance.	 Sampling	 of	wildlife	 requires	 repeated	 visits	 to	 accurately	 determine	 species	














Appropriate	 sampling	 techniques	 are	
essential	 to	 provide	 information	 for	 the	
conservation	and	management	of	species	

















ing	 in	 significant	 variation	 in	 detection	
probability	across	species	(Harmsen et	al.	
2010).	 Several	 studies	 have	 investigated	
abundance,	diversity,	and	ecology	of	bird	
species	along	trail	systems	(e.g.,	Miller	et	




predation,	 and	 Sutter	 (2000)	 found	 that	
abundance	 of	 several	 bird	 species	 was	
more	 variable	 near	 trails.	As	 such,	 trails	
can	have	both	positive	and	negative	effects	
on	wildlife	populations.
Edge	 effects	 in	 forests	 due	 to	 processes	
such	as	timber	harvesting,	road	construc-









and	 richness	of	 amphibian	 species	 (Cole	
and	Landres	1995).	The	use	of	 trails	 for	
sampling	 amphibians	 has	 not	 been	 thor-
oughly	tested,	but	this	technique	has	been	







areas	 away	 from	 trails	 (Davis	2007;	von	
May	 and	Donnelly	 2009).	Although	 von	
May	 and	 Donnelly	 (2009)	 found	 higher	
relative	density	of	frogs	on	trails	in	Aus-
tralia,	 they	 cautioned	 that	 sampling	 on	
trails	 could	bias	estimates	of	 abundance.	
Neither	 von	 May	 and	 Donnelly	 (2009),	
nor	Davis	(2007),	specifically	investigated	
the	 influence	 of	 trails	 on	 abundance	 of	






Desmognathus,	 and	 Eurycea)	 to	 obtain	
unbiased	estimates	of	abundance.	Plethod-
ontid	salamanders	are	difficult	 to	sample	
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due,	 in	part,	 to	 their	variable	 surface	ac-
tivity	and	small	size.	For	example,	Hyde	
and	 Simons	 (2001)	 used	 four	 different	
sampling	 techniques	 in	 Great	 Smoky	






have	 demonstrated	 that	 both	 individual	
and	population-level	detection	probability	
of	 plethodontid	 salamanders	 is	 almost	
always	less	than	one	(Bailey	et	al.	2004a,	
2004b,	 2004d;	 Connette	 and	 Semlitsch	
2013;	Peterman	and	Semlitsch	2013).	To	








Smoky	 Mountains	 National	 Park	 had	 a	
measurable	 influence	 on	 the	 individual	




surveys	 (VES)	 to	 count	 surface-active	
plethodontid	 salamanders	 in	 terrestrial	











of	 a	 parking	 lot	 or	 safe	 vehicle	 pull-off	
location	and	not	separated	from	the	road	
by	any	impassible	barriers	for	researchers	
(e.g.,	 cliffs,	 large	 rivers,	 etc.).	 We	 then	
randomly	 selected	 15	 high	 (1501–2025	
m.a.s.l.),	15	mid	(1001–1500	m),	and	15	





Thirteen	 of	 these	 sites	 had	 recreational	
trails.	We	added	three	more	sites	that	had	
trails	from	our	initial	pool	of	70	to	get	a	
more	 even	distribution	of	 trail	 sites	 over	
the	elevational	gradient.
At	 each	 of	 the	 48	 selected	 sites,	 we	 es-
tablished	two	to	eight,	25	×	4-m	transects	
(195	 transects	 total).	 Transects	 located	
along	 either	 trails	 (70	 in	 total;	 hereafter	
trail)	 or	 a	 minimum	 distance	 of	 at	 least	
20	m	 from	 a	 trail	 or	 road	 (125	 in	 total;	
hereafter	non-trail),	were	delineated	by	a	
labeled	 pin	 flag	 placed	 every	 5	m	 along	
the	25-m	transect.	Sites	had	four	transects	
each	 except	 in	 cases	where	 accessibility	
prevented	more	 than	 two,	and	except	 for	
sites	 with	 trails,	 where	 we	 established	
Figure 1. (A) Boundary of the Great Smoky Mountains National Park, US Route 441, and the spur road 
to Clingmans Dome. (B) Locations of Trail (open circles) and non-trail (closed circle) transects along 
Route 441 and the spur road to Clingmans Dome. 
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four	trail	and	four	non-trail	transects	when	
possible.	 Edge	 effects	 of	 roads	 on	 ter-
restrial	 salamanders	 are	minimized	 once	
a	distance	of	20	m	from	a	road	has	been	
reached,	 and	 the	 effect	 within	 20	 m	 on	
terrestrial	salamanders	is	suggested	to	be	
driven	by	impacts	of	vehicles	(Marsh	and	
Beckman	 2004;	Marsh	 2007);	 therefore,	
we	believe	this	distance	was	appropriate.	
Each	site	was	visited	on	five	occasions	in	











existing	width	of	 the	 trail.	Each	 transect	
was	 surveyed	 on	 1–6	 occasions	 (mean	
4.3).	Unequal	 survey	 efforts	 per	 transect	
were	due	to	differences	in	the	number	of	
researchers	present	on	a	given	night.	For	
example,	 if	 there	were	 four	 transects	but	
only	three	researchers,	only	three	transects	
were	 surveyed	 that	 night	 for	 logistical	
reasons.	 The	 statistical	 methods	 used	 to	
analyze	 these	 data	 are	 robust	 to	 unequal	
sampling	efforts	(described	below).
Since	surveys	of	transects	were	conducted	
periodically	 throughout	 the	 two	 month	






encountered	 were	 visually	 identified	 to	
species	 largely	 in	 situ	without	 handling;	
however,	 if	 a	 salamander	was	handled	 it	
was	identified	at	the	point	of	capture	and	
immediately	 released.	 Paired	 transects	













did	 not	 sample	 any	 trail	 sections	 within	




imperfect	 detection	 and	 calculate	 abun-
dances	of	Jordan’s	Salamanders	(Plethodon 
jordani Blatchley),	 Pygmy	 Salamanders	
(Desmognathus wrighti King),	 and	 Blue	
Ridge	 Two-lined	 Salamanders	 (Eurycea 
wilderae Dunn;	 e.g.,	 Royle	 2004;	 Royle	
and	 Dorazio	 2008).	 We	 built	 species-




topographic	 position	 (TPI),	 topographic	










a	 100-m	 moving	 window	 (Dilts	 2010).	
Topographic	 wetness	 was	 calculated	 ac-















of	 the	 trail	 (i.e.,	 directly	 off	 trail).	 Each	
variable	was	measured	at	 three	 locations	
along	 the	 centerline	 of	 each	 transect	 (0,	
12.5,	 and	 25	m),	 and	 the	 average	 of	 the	
three	 measures	 was	 used	 for	 statistical	
modeling.	We	recorded	air	temperature	and	
relative	humidity	at	each	site	during	each	





spatial	 Kriging	 of	 rainfall	 estimates,	
based	 on	 temporal	 rainfall	measures	 ob-









son	 distribution	with	 a	 log	 link	 to	 relate	
regression	covariates	to	abundance	(Royle	
2004).	We	 included	 a	 random	 site	 effect	
to	 account	 for	 potential	 autocorrelation	
among	transects	at	a	single	site.	We	used	
a	 binomial	 distribution	 with	 a	 logit	 link	
to	 estimate	 detection	 covariate	 effects	
(Royle	 2004).	To	 improve	model	 fit,	we	
used	 an	 observation-level	 overdispersion	
term	(i.e.,	random	effect)	in	the	detection	
sub-model	 (Kéry	 and	Schaub	 2012).	We	
fit	 this	 hierarchical	 Bayesian	 N-mixture	
model	in	the	program	JAGS,	implemented	
through	R	(R	Core	team	2013)	using	the	
rjags	 package	 (Plummer	 2014).	All	 con-







between	 0	 and	 10	 for	 the	 random	 effect	
standard	 deviations	 (Gelman	 2006).	 In	
statistics	 using	 Bayesian	 inference,	 the	
posterior	 predictive	 probabilities	 are	 a	
multiple	 of	 the	 likelihood	 and	 the	 prior	
probabilities	of	the	model	parameters.	To	
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from	 the	 data	 (Gelman	 and	 Hill	 2006).	
We	used	four	Markov	Chain	Monte	Carlo	
(MCMC)	simulation	chains	with	different	
random	 starting	 values	 and	 ran	 400,000	
iterations	of	each	chain,	discarded	the	first	


















From	 our	 N-mixture	 models,	 we	 esti-
mated	 a	mean	 abundance	 (±SD)	 of	 44.5	
(±53.6)	salamanders	(of	the	three	species	
modeled)	 across	 125	 non-trail	 transects,	
while	we	estimated	a	mean	abundance	of	
34.8	 (±31.1)	 salamanders	 within	 the	 70	
trail	 transects.	 We	 estimated	 that	 mean	
abundances	of	33.6	(±41.5)	P. jordani,	5.4	




found	 on	 trail	 transects.	 For	 non-trail	
transects,	 estimated	densities	 (m-2;	±SD)	
of	 P. jordani,	 E. wilderae,	 D. wrighti,	
and	all	salamanders	combined	were	0.34	
(±0.41),	 0.05	 (±0.11),	 0.05	 (±0.11),	 and	
0.44	(±0.53),	respectively	(Figure	2);	while	
estimated	densities	on	trail	transects	were	




of	trail	on	the	abundance	of	P. jordani, E. 
wilderae,	or	D. wrighti (Table	1).
The	 probability	 of	 detecting	 individuals	
that	 were	 on	 our	 transects	 was	 affected	
by	temperature	at	the	time	of	the	survey,	
amount	 of	 precipitation	 in	 the	 24	 hours	
prior	 to	 the	 survey,	 percent	 herbaceous	
ground	cover,	and	relative	humidity	(Table	















significantly	 between	 trail	 and	 non-trail	
transects,	but	did	differ	as	a	consequence	
of	 slope,	 ground	 cover,	 leaf	 litter	 depth,	
and	precipitation	(Table	1).
DISCuSSION AND CONCluSIONS
Sampling	 on	 trails	 that	 traverse	 natural	
areas	can	be	used	effectively	 to	quantify	
detection	 and	 abundance	 of	 terrestrial	
plethodontid	 salamanders.	 These	 results	
could	 reduce	 the	 impact	 to	 undisturbed	
habitats,	 streamline	 sampling	 for	 ter-
restrial	 salamander	 species,	 and	 lead	 to	
a	 significant	 increase	 in	 the	 number	 of	
sites	that	can	be	visited	during	a	sampling	






significantly	 influence	 the	 probability	 of	
detecting	 salamanders,	 or	 the	 detection-
corrected	abundance	of	salamanders.	These	
results	 corroborate	 several	 recent	 studies	







USA	 (respectively).	 Other	 herpetofauna,	
frogs	 and	 lizards,	 have	 also	 been	 found	




Figure 2. Mean estimated salamander density (±95% CI; per m2) between trail and non-trail transects 
for Eurycea wilderae, Plethodon jordani, Desmognathus wrighti, and all species combined. Each site was 
located within Great Smoky Mountains National Park and was visited on five occasions in June–July 
2012.
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ders	and	other	herpetofauna,	and	did	not	
account	 for	 imperfect	 detection.	 Surface	
activity	 in	 plethodontid	 salamanders	 is	
highly	variable	 (Bailey	et	al.	2004c)	and	
may	vary	 in	relation	 to	fine-scale	habitat	
















edge	 and	 interior	 habitats,	 and	Northern	
Slimy	Salamanders	(Plethodon glutinosus 
Green)	 showed	 no	 significant	 decreases	
in	 abundance	 in	 edge	 habitat;	 however,	



























effect	 on	 abundance	 (Table	 1).	 Second,	
while	habitat	measurements	were	collected	
immediately	 adjacent	 to	 the	 trails,	 home	
Figure 3. (A) Leaf litter, (B) percent herbaceous ground cover, and (C) slope across trail and non-trail 
transects. Whiskers represent standard errors (±1), and sample size for each variable is located above 
whiskers in A. Each site was located within Great Smoky Mountains National Park and was visited on 
five occasions in June–July 2012.
ranges	of	individual	terrestrial	salamanders	
extend	beyond	the	trail	into	the	surround-





















of	 salamanders	 during	 daytime	 surveys	
was	 significantly	affected	by	 the	amount	









Edge	 effects	 on	 species	 can	 be	 variable	










modification	 of	 behavior,	 increased	 nest	




















regard	 to	 sampling	 in	 sensitive	 habitats.	
The	long-term	effects	of	repeated	visits	to	
off-trail	locations	for	sampling	of	wildlife	
or	 vegetation	 are	 not	 well	 documented;	
















(e.g.,	 national	 parks)	 where	 minimizing	
disturbance	 is	 a	 high	 priority	 due	 to	 the	
high	number	of	visitors	 and	greater	pro-
portion	 of	 sensitive	 habitat.	 Minimizing	





of	 other	 large-scale	 disturbances	 (e.g.,	
global	climate	change).	For	example,	Otto	
et	al.	(2013)	showed	that	repeated	sampling	
can	 decrease	 the	 detection	 probability	
of	 a	 terrestrial	 salamander	 (P. cinereus).	
Researchers	 are	 becoming	 increasingly	
aware	 of	 the	 importance	 of	 accounting	




same	 sites,	 use	 of	 survey	 methods	 that	
facilitate	efficient	sampling	and	that	have	
minimal	 impact	 to	 the	 natural	 landscape	
should	be	preferred.
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